I. INTRODUCTION
N STRATIFORM precipitation, raindrops result from melt-I ing snowflakes. On their way down in rain-bearing clouds, dry snowflakes pass the O°C level and start to melt. The region in which they melt is called the melting layer, or, referring to the enhanced radar reflectivity it causes, the bright band. With the growing use of high frequencies for satellite communication links and with the advent of spacebased rain and cloud radars, knowledge of the influence of the melting layer becomes increasingly important. In this paper a new radar-derived physical model of the melting layer is used to simulate height profiles of Doppler and polarimetric radar observations, as well as co-and cross-polar propagation characteristics of satellite signals. The model has two input parameters: the rain intensity and the mass density of the snowflakes before melting. The latter is important to simulate significantly different radar measurements.
The model is developed in the context of propagation research with the Olympus satellite of the European Space Agency, as was coordinated by the Olympus Propagation Experimenters Group OPEX. Within OPEX a special working group was dedicated to the application of radar to propagation modeling. The study of the melting layer model was one the key topics in this working group [l] . Various studies, e.g., [2] , [3] , have revealed detailed and complex microphysical processes in the melting layer, but radar experiments showed was supported in part by the European Space Agency.
University of Technology, 2600 GA Delft, The Netherlands. a response of the melting layer to radar waves that was comparable during different events [4] . This gave rise to the idea that some simple fundamental processes must govern the behavior of the melting layer, and that a model of the melting layer could do without many details of microphysical properties. In this paper, radar measurements of the melting layer are shown and discussed. Based on these measurements, the model is developed and compared with data from another radar. The model is used to predict the influence of the melting layer on a 30-GHz satellite link, being one of the frequencies of the Olympus propagation payload. polarization 5 and received polarization I , and t(Q) as the wavelength is denoted by A. K , is factor that depends on the permittivity of the raindrops. The radar does not measure a reflectivity factor, but a radar cross-section. The conversion of the latter into the former is done with the assumption of Rayleigh-scattering by raindrops. When other forms of precipitation are measured, the equivalent reflectivity factor is calculated as if the scattering was caused by rain. Whenever in this paper reference is made to reflectivity, the equivalent reflectivity factor is meant.
THE RADAR OBSERVABLES

During melting the fall speed v(Dms)
Polarimetric observations of rainfall are optimally performed with the radar pointed toward the horizon. For fallspeed analyses, however, Doppler measurements need to be two, the radar elevation has to be set to a position in between.
distribution of solid angles of particle orientation. The radar 
THE PROPAGATION PARAMETERS
An electric field Et exp(jq5t) that enters the melting layer will undergo attenuation, phase shift, and cross-polarization:
denoting the polarization of the transmitter and receiver, ne and rain, respectively. These propagation characteristics are calculated with the extended Rayleigh approximation [5] of forward scattering by spheroids at frequencies up to 50 GHz.
it will be Seen by the receiver as Et, e~p ( j $~, ) , with t and T in which the m1 and ' refer to the layer following definitions apply:
E2h the copolar. attenuation C P A = ~ E: A useful way of presenting the propagation characterisrics of the melting layer is by comparing the range-integrated effect of it with the effect a layer with the same thickness, but uniformly filled with rain of the intensity as just below the melting layer, would have. It is quantified by the excess parameters
'5)
Iv. RADAR MEASUREMENTS OF THE MELTING LAYER
In this section radar measurements of the melting layer, done with the Delft radar, are discussed; details of the experiment are given in Table I . Fig. 1 shows a typical height profile of Z h h , Z d r , Ldr, and V, in the melting layer. The data is integrated over 32 s and 300 m. The 0°C isotherm was located at an altitude of approximately 2200 m. From the onset of melting, Z h h increases until it reaches a peak of approximately 15 dB relative to its value before melting. Then it decreases again to a, more or less, constant value in the rain region underneath the melting layer.
When a snowflake melts, its liquid water content increases. The mass density increases and the particle becomes smaller. It experiences less air resistance then, which causes the fall speed to increase. Assuming stationarity, the number concentration of melting particles decreases. The increase of the water content leads to a larger permittivity of the particle, which causes an increase of the radar reflectivity. Due to the decreasing number concentration, the radar reflectivity decreases again in the lower portion of the melting layer. As a result, the melting layer causes a band of enhanced reflectivity: the bright band. These relationships have long been known in general form, e.g., [6] , but details of the melting process and its effect on radar profiles have been difficult to determine. The just discussed event is one with a moderate rain intensity. The radar observables can be somewhat different in events with a low rain intensity and weak bright band. Fig. 2 depicts such a situation. The radar observables were obtained during the passage of a cold front. The 0°C isotherm was located at approximately 1200 m, and the ground temperature was approximately 8°C. The peak value of Zh is approximately 12 dB relative to the value of Zhh underneath the melting layer. However, the absolute level of Zhh is approximately 13 dB lower than in the firstly discussed event. Zdr starts to increase at the onset of melting, rather than halfway through the melting layer as was the case in Fig. 1 . Also, the peak value of Zdr The correlation-coefficient of different radar observables contains information about microphysical phenomena. For instance, when during an event the orientation of the particles becomes more random, Zd, decreases and Ldr increases. The cross-correlation coefficient of the Z d , and Ldr values of such an event would be negative. Another example: when the particle size increases, Zhh, Zd,, and L d r increase as well: the correlation-coefficient will be positive. Such an exercise has been applied to the two events, described in Section IV. The cross-correlation coefficient between the polarimetric radar observables is calculated for each range bin in the melting layer. The individual observables are integrated over 32 s and 300 m. A rigorous discussion of the correlation analysis of radar data is given in [4] . The correlation analysis will be used in Section VI as a starting point for modeling the size-axial ratio relationship. Zhh is sensitive to particle size while Zdr and Lar are sensitive to particle shape and orientation. When, as in the case of rain, large particles are more oblate than small ones, then Zhh would be positively correlated to Zd, and Ldr: they will all increase when the particle size, and consequently, the oblateness increases. However, in the upper half of the melting layer a negative correlation is observed. In general, a negative correlation between Zhh and L d r could be caused by variations ,.5 of particle orientation, because then Zhh decreases slightly, whereas L d r increases. However, z d r decreases then as well, which has to result in a negative correlation between z d r and L d r . This is not observed.
The negative correlation may be explained by assuming that large particles are less oblate than small ones. When the particle size increases, Zhh increases, but because the particle has become less oblate, z d r and L d r decrease. In [7] , four stages in the melting process are distinguished. In the first stage small drops are formed at the tips of the ice branches, with melting occurring on the entire periphery, but mainly at the bottom of the snowflake. In the second stage the water is sucked into the inside of the snowflake, where it is accumulated. In the third stage the branches inside the snowflake start to melt, and consequently the structure of the snowflake is changed. In the fourth stage the snowflake collapses into a water drop. Because melting is most intense at the lower side of the snowflake, the "electromagnetic" shape of the particle becomes oblate, because the permittivity of water is much larger than the permittivity of the remaining unmelted snowflake. The negative correlation in the upper half of the melting layer can be understood by considering the melting process at a given height at the top of the layer more closely. All snowflakes are melting, but small snowflakes will melt sooner than large ones. The small particles will become oblate whereas large snowflakes still conserve their irregular shape. The ensembleaveraged shape of large particles is more or less spherical, implying that small melting snowflakes are on average more oblate than large ones, and so Zhh is negatively correlated to z d r and L d r . As melting proceeds, small snowflakes will tum into more or less spherical raindrops, and large snowflakes are now becoming oblate. Consequently, large particles are more oblate than small ones, and Zhh is positively correlated to
The density of a snowflake depends on its size. It is likely that the shape of the snowflakes is also related to the density; it is well known that loose snowflakes are irregularly structured, while ice crystals, having a high density, can be shaped like needles or plates. The measurements indicate that, for a fixed height, an increase of Zhh is caused by particles that are less oblate, because Z d , decreases. Combined radar and aircraft measurements in the melting layer indicated that wetted ice needles are often present just above the melting layer, and that a more pronounced z d r is observed during very low reflectivities [ 81. The cross-correlation analysis of this section shows that the phenomenon is more general: also during events with a strong bright band Zdr increases when Zhh decreases. Fig. 4 shows the height profile of the cross-correlation coefficients of the radar observables, measured during the event of Fig. 2 . In the upper half of the melting layer Zhh is negatively correlated to z d r and L d r . However, only in case of Zhh and z d r a reversal is observed in the lower half of the melting layer. In case of Zhh and L d r the correlation remains negative, although it becomes smaller. The correlation coefficients are small, and only reveal tendencies. In the rain region too little data satisfies the minimum requirement of signal-to-noise ratio for accurate measurements; the calculations become unreliable. [4] and [lo] . In this paper only the salient points are described. Several assumptions are made. * Each snowflake melts into one raindrop. * The mass flux is constant through the melting layer.
0
A monodisperse dropsize distribution suffices for modelMelting snowflakes can be modeled as spheroids.
A simple one-to-one relationship between size and shape
The width of the orientation distribution of the particles Justification of these assumptions will be given when appropriate. The model is driven by two input parameters: the rain intensity below the melting layer and the mass density of the dry snowflakes above the melting layer. The latter is usually unknown, but necessary to explain specific radar observations. ing purposes.
is sufficient.
decreases while the particles are melting.
A. 'Ihe Thickness of the Melting Layer
The depth h that the snowflake has descended in the melting layer is related to the melted mass fraction f m [3] , [7] . This relauonship is approximately given by
is the distance at which the snowflake is completely melted, and can be considered as the thickness of the melting layer; the top of the melting layer is located at h = 0. The thickness of the melting layer is statistically related to the radar reflectivity of the rain just underneath it [3] . In [3] , the second derivative of the height-dependence of Zhh is used to define the top of the melting layer, but comparison with a more extensive data set has shown that to result in an underestimation of the thickness with a factor 2. Correcting it gives with H,,, given in meters and Zrain,hh given in mm6m-'. Zrain,hh is measured just below the melting layer. The data set is acquired during various weather conditions and probably encompasses different thermodynamic situations, assuming the relationship that is widely used to convert radar measurements during stratiform events into rain intensity R, e.g., [ 111
H,, is written as with R in mm.h-l: the thickness follows directly from the rain intensity.
B. The Particle Size and Concentration
Break up and coalescence, as well as particle growth due to condensation, are ignored: according to [2] they only occur in a narrow isothermal layer at the top of the melting layer, and in [3] they are shown to have a minor impact on the overall behavior of simulated reflectivity profiles of the melting layer. The size of a melting snowflake is then closely related to its mass density pms and the size Drain of the resulting raindrop:
The particle size can be calculated at any stage of melting, provided the mass density of the particle is known. The mass density of the melting snowflake is a function of the melted fraction and of the initial mass density of the snowflake before melting. Consequently, only the latter is necessary to calculate the size of the melting particle. In case of dry aggregated snow, the relationship between the particle size and mass density is known [3] . However, in reality hydrometeor types other than aggregated snow, like graupel or wetted ice crystals, occur as well. In the model, therefore, the mass density is used as an independent input parameter.
A monodisperse size distribution is used. The effective diameter D, of the raindrops is defined as the diameter that a drop would have if it had the mean volume of a cluster raindrops with a Marshall-Palmer size distribution N ( D ) [ 
which in case of the Marshall-Palmer dropsize distribution is easy to convert into the rain intensity since
As a consequence of the assumed stationarity, the number concentration Nms of melting particles is given by (26) with Vms and V, as the fall speed of the melting particle and of the raindrop it eventually becomes. N, is the number concentration of raindrops. Note that the concentration decreases during melting, which is in agreement with the experimental results given in [2] . The fall speed of melting snowflakes is obtained from balancing the gravitational forces, the drag forces, and the buoyancy of the snowflake [12] , in which g is the acceleration of gravity, pa as the mass density of air, and c d the drag coefficient. The equation is derived for spherical particles. Spheroidal particles may have a somewhat different fall speed, because Cd depends on the shape of the particle, but in this study no attempt is made to model it. For dry snowflakes Cd equals approximately 1.2, but for melting snowflakes it shows a large scatter between 0.6-1.2 [12] . Unfortunately, little is known about the relationship between (30)
Note that the fall velocity of melting snowflakes, due to its dependence upon D,, is uniquely related to the rain intensity. In the model, pa is set to 1.3 . 
The mean Doppler velocity depends on the mass density of the snowflakes, and on the permittivity. It implicitly has independent of particle size. The effective axial ratios are then given by been assumed that the mass density of melting snowflakes is
D. The Shape of Melting Snowjakes
Most water is found at the bottom of the melting snowflakes, forming a lens-like shape [14] . The permittivity of water is much larger than that of the ice in the particle, which suggests to model the "electromagnetic" shape of the particle as a spheroid; the shape changes during melting, because the water content changes. The correlation analysis of Section V suggests that small melting snowflakes appear as more oblate than large ones in the upper half of the melting layer; in the lower half of the melting layer large snowflakes appear as more oblate than small ones. Therefore, the axial ratio of snowflakes with D, in m. The shape of a melting snowflake results from internal, e.g., capillary, forces as well as external forces, like gravity, drag, and buoyancy. It depends on both the mass and volume of the particle. However, it is intuitively felt that the shape of a melting snowflake is more strongly related to its volume than to its mass, because the mass does not change, whereas the volume and shape do. An optimum fit of model simulations to radar data, presented in Section VIII, is obtained when is modeled as a function of size, with the slope of this function changing from positive to negative during melting. For reasons in which fv is the melted volume fraction of the particle.
of simplicity, and considering that the size-shape relationship is probably highly stochastic, a linear function between the axial ratio Es and the snowflake diameter D, is proposed:
with (1 and 5 2 as the axial ratios, respectively, of the smallest and largest particle with diameters D,,, and Dma. At the onset of melting, is smaller than &, but during melting both parameters change. For dry snow E2 is set to 0.9, which approximates the mean result given in [15] ; in the next section will be determined from comparison of model calculations with radar data.
The model uses the effective dropsize based on the Marshall-Palmer distribution. The axial ratio should therefore also be related to an effective dropsize. For modeling of radar measurements, the reflectivity-weighted effective axial ratio
E. The Orientation of Melting Snowflakes
A melting snowflake is modeled like a spheroid with its orientation-angle defined by its axis of rotational symmetry. However, a melting snowflake is a complex particle, of which it is difficult to speak of rotational symmetry. As will appear, the modeled orientation-angle may also represent effects due to the irregular shape and motion of the particle.
Raindrop canting is caused by wind shear and turbulence. It is likely that the same holds for melting snowflakes. But there is more, as described in [7] . Before melting the motion of a snowflake can be correlated to the shape, size, and mass. However, as soon as melting starts, the particle starts to move in a completely random order, independent of shape, size, and mass: helical loci are interrupted by linear movements, swinging, and rotation. This lasts until the ice lattice of the particle collapses, from which moment on the particle starts to accelerate in a downwards motion. No tumbling is observed. The observations were done in a wind tunnel with constant air stream and temperature gradient, and so no external forces would have caused this random motion. Probably internal forces, caused by a nonuniform distribution of melt water inside the snowflake, force the particle into this behavior.
Polarimetric radar measurements are sensitive to the shape and orientation of the particles. The apparent shape and orientation of the particles is defined by the projection of the geometry of the particle on the plane of incidence of the radar wave. Radar measurements can always be related to the apparent shape and orientation. Suppose that the irregularlyshaped melting snowflakes are moving in some random order, then the radar signals they cause can be related to apparent particles with a varying apparent shape and orientation in the plane of incidence of the radar wave. In the model the distribution of orientation angles is used to account for the effect of particle motion. A uniform distribution of the solid angle R of the symmetry-axes of the particles is assumed. The solid angle is specified by the azimuth angle a and the elevation angle 6 (relative to the vertical). The azimuth angle of the axis of symmetry of the snowflake is assumed to be uniformly distributed between 0-27~. The sine of the elevation angle (defined relative to the vertical) is also uniformly distributed, up to a certain (variable) width. Summarizing: 
. l'" { in which As,, is the maximum elevation angle. Since the randomness of particle motion decreases toward the end of melting, the width of the orientation distribution decreases as well. An optimum fit of model simulations to radar data, as shown in Section VIII, is obtained when a s , , = as, + (as, -as,).f,3 (42) in which As, and As, are the widths corresponding to the orientation of, respectively, unmelted snow and rain.
F. The Permittivity of Melting Snow$akes
It is shown in [17] that accurate knowledge of the permittivity is necessary, because the calculated propagation profiles depend strongly on it. A mixing formula that is able to calculate the permittivity of melting snow is the Maxwell Garnet theory, that treats a mixture as a matrix of homogeneous material that surrounds inclusions of an other material. In the melting layer model, the formulation of [ 181 is used. The Maxwell Garnet theory deals with a two-component mixture. In case of melting snow, which consists of three components, the mixing rules must be applied twice. The use of mixing formulas requires some knowledge of the structure of the melting snowflakes; what constituent should be taken as the matrix, and what as the inclusion? Observation of the melting process [7] reveals 1) that melting occurs at the periphery of the snowflake and 2) that melt water is sucked inside to form a film around the ice branches. The first phenomenon suggests using water as matrix around snow, the second one suggests using air in a matrix of wet ice. In the model both options are calculated and, in the end, the average of the results from the two methods is used.
VII. SIMULATIONS OF RADAR MEASUREMENTS
Some typical examples of the backscattering by and propagation through the melting layer will be discussed. The experimental set up of the, earlier mentioned, Olympus measurement campaign at Delft University is used as basis for the simulations. Table I1 gives the model and equipment parameters. The antenna elevation angle is defined with respect to the horizontal. The polarization angle is defined in the plane of incidence of the radar waves as the angle between the E-vector and the horizontal. The mass density of the dry snowflakes is denoted by p,. The given model parameters are obtained by a first order tuning of the model to the radar observations that were discussed in Section IV. Fig. 5(a)-(c) give height profiles of the radar as well as propagation observables. The radar observables follow the typically observed trends of Section IV. The CPA, X P D , and CPD exhibit a peak in the lower half of the melting layer. The peak of C P A coincides with the peak of z d r , but the X P D and CPD peaks are slightly shifted downwards.
A. Height Projiles
The phase patterns are different: $hh and $hh -$vv exhibit a peak, but $hh -$hv does not. The antenna elevation angle is set to 30°, implying that half of the value of V d that would be obtained with a zenith-pointing radar is calculated.
In the following subsections the effect of model parameters on the height profiles of the radar observables is given. The effect on the propagation observables is not given, because they appear as range-integrated parameters in the performance of satellite links; they will discussed in Section IX.
I ) Effect of the Mass Density: In the model, the size of a snowflake is determined by its mass density and the diameter it would have after melting. The larger the mass density, the smaller and consequently the more oblate the particle is. Fig. 6(a) and (b) give the height profiles of the radar observables, calculated with p, = 0.05, 0.1, and 0.5 g.cmP3.
The remaining input parameters are given in Table I .
When the mass density of the initial snowflakes increases Zhh decreases, because the particles become smaller. Note that the strength of the bright band decreases rapidly for high mass densities. The z d r and L d r profiles exhibit a peak in all three cases. These, colocated, peaks shift upwards, broaden and increase when the mass density increases. The simulated Table I1 Effect of the initial mass density on the radar observables in the the top of the melting layer increases when the mass density increases, since the particles encounter less air resistance.
2) Effect of the Axial Ratio: The effect of the axial ratio was investigated by setting the axial ratio E1 of the smallest snowflake to 0.3, 0.6, and 0.9, and (2 to 0.9. The results are shown in Fig. 7(a) and (b) . Zhh is hardly dependent upon the axial ratio: it varies less than 1 dB when (1 varies. The z d r and L d r profiles, however, change significantly. When ( 1 = 0.9, implying more or less spherical snowflakes, no peak is observed at all. For 61 < 0.9 the peak appears, and increases when E1 decreases. The Zdr and L d r peaks coincide and doLnot shift up or down when the axial ratio is varied. The simulated fall speed does not depend on the axial ratio, but is given here for the sake of completeness. The real fall speed may, however, depend on the particle shape, but the model does not take this into account.
3) ESfect of the Particle Orientation: The effect of the particle orientation is varied by setting the spread As, of the orientation distribution of dry snowflakes to 90°, 70°, and 55", and keeping A&. at 55' for the resulting raindrops. The results are shown in Fig. 8(a) Linear depolarization ratio Ldr [dB] (b) Fig. 7 . melting layer, calculated with the parameters of Table 11 .
Effect of the initial particle shape on the radar observahles in the orientation of the snowflakes: it varies a few tenths of a decibel when As, varies. LdT increases when the particle canting increases, but z d r decreases then. ZdT is more sensitive to canting variations than Ldr; the increase of Ldr is small compared to the decrease of Zdr. Changing the orientation significantly affects the location of the peaks. The Zdr peak moves downwards when the particle canting increases, but the location of the L d r peak does not change: the two peaks no longer coincide. The orientation angle was defined to account for the irregular motions of melting snowflakes; it does not necessarily represent real particle canting. However, the concept describes the typically observed behavior of Z d r and LdT well. Linear depolarization ratio Ldr [dB] (b) Fig. 8 . the melting layer, calculated with the parameters of Table 11 .
Chilbolton data and model comparisons for two different situations; in each plot both scans of the reflectivity are given. The measurement of Fig. 9 is simulated with an rain intensity of 2 mm4-l and an initial mass density of the snowflakes of 0.15 g.cmP3. In Fig. 10 , the rain intensity is set to 1.5 mm.h-' and the mass density to 0.3 g .~m -~. The radar observations and model simulations are in good agreement, in both cases. Not all analyzed data, however, could be simulated by the model as it is, but slightly changing (42) (As, had to be varied over a range of 10") resulted in a good fit again. Apparently, the physics that are fundamental to the melting layer are adequately described, although the specific parameters of the model may need some adjustment to predict all measurements in detail. However, it is surprising that such a complex phenomenon like the melting layer can be described by a model with only a few variables.
Effect of the initial particle orientation on the radar observables in
Ix. APPLICATION TO THE PROPAGATION OF SATELLITE SIGNALS Satellite receivers experience the overall effect of the melting layer. Fig. 11 gives the excess propagation observables integrated over the entire melting layer as function of the rain intensity just underneath it, calculated with the set up of TabIe 11. In a real life situation, effects of the rain below and the ice crystals above the melting layer should be taken into account. eCPA increases almost linearly with the rain intensity, and becomes approximately 2 dB at 20 mmh. The predicted values are in good agreement with the calculations of [19] , which are based on the Mie theory, whereas the present model uses the extended Rayleigh approximation. eCPD is very small: less than 0.2 dB. e X P D decreases with rain intensity. It is very large at low rain intensities, and decreases toward 6 dB at 20 mm.h-'. e 4 h h increases with rain intensity: at 20 " h , e 4 h h = 40", and e(4hh -4vv) = 1.5". e ( h -#hv) and e(&h -dVv) do not vary significantly. Most rain events with a bright band will have a rain intensity lower than 10 mm.hpl. Keeping that in mind, it can be concluded that at 30 GHz, the additional effect of the melting layer is significant only for the cross-polar discrimination, the copolar phase shift, and the cross-polar differential phase shift. For the other propagation Table 11 .
Range-integrated excess propagation observables as funcuon of the parameters, the melting layer can be treated as if it were a layer of rain. Fig. 12 show the excess propagation observables integrated over the whole melting layer as function of the frequency, again calculated with the set up of Table 11 . eCPA increases until the frequency is approximately 20 GHz. At 35 GHz, it becomes negative, meaning that the influence of the melting layer is less than the influence of a similar layer of rain. At high frequencies, the influence of the melting layer should not be calculated by replacing it with rain, but should to some extent be discarded. eCPD does not vary much with the frequency.
eX P D decreases with frequency, but at low frequencies the melting layer has a large impact on the X P D of radio signals. Of the phase observables, only e(4hh -4 h v ) and e4hh change significantly with frequency.
In Fig. 13 the excess propagation observables are given as a function of the mass density of the snowflakes before melting. Only for densities smaller than 0.2 g.cmP3 do the observables vary significantly. Most of the radar measurements are simulated with a mass density larger than 0.1 g.cmP3: the model predicts that the additional effect of the melting layer can be neglected and even that the melting layer should, to some extend, be discarded. The melting layer may, however, Table 11 .
cause values for the X P D that are 10 dB in excess to the values a similar layer of rain would give.
X. CONCLUSION
A simple model of the melting layer is presented. It is able to predict Doppler and polarimetric radar measurements as well as propagation through the melting layer. The height profiles of the propagation and radar observables are similar: dependent upon the rain intensity and mass density of the snowflakes, they exhibit a peak somewhere in the melting layer. When the orientation of the melting snowflakes changes during melting, the peaks of Ldr and Z d , do not coincide. The effect of the melting layer on radio signals increases with increasing rain intensity.
The model is based on several assumptions regarding the change of particle shape and orientation during melting. These assumptions are based on only a few typical radar measurements. Comparison of the model with a more extensive data set from radar as well as propagation experiments may lead to different values of the used parameters.
The model requires two input parameters: the rain intensity and the mass density of the snowflakes before they melt. The latter is usually not available, and when it is small it appears to have a significant effect. However, because the model is mass density, calculated with the parameters of Table II. Range-integrated excess propagation observables as function of the based on one effective particle with average properties, it is expected that small values of the mass density do not apply; radar reflectivity measurements can be simulated with a value of the mass density larger than 0.1 g/cm3.
